Abstract. Various components of island stream faunas, including caridean shrimps, fish, and gastropods, undertake obligate amphidromous migration, whereby larvae are released in upstream freshwater reaches, drift downstream to estuaries or marine waters, then migrate upstream as postlarvae to freshwater adult habitats. Longitudinal migration from estuaries to headwaters is well documented for many amphidromous species, but the degree of among-river marine dispersal is poorly known for most species. We need better understanding of the potential for marine dispersal in population processes of amphidromous species, particularly recolonization and population recovery in impacted lotic systems, such as those on Puerto Rico, because some theories of dispersal for species with marine larvae predict high rates of self-recruitment. We tested population genetic predictions for widespread marine larval dispersal and self-recruitment to the natal river for 11 amphidromous species, including shrimps, fish, and a gastropod, in Puerto Rico. Population genetic analysis of mitochondrial DNA data showed high rates of gene flow among rivers and indicated that marine dispersal determines the population genetic structure of all 11 species. Difficulty in recruiting to oceanic currents promotes closed population structures in some marine species, but larvae of amphidromous species entrained in downstream river flow might be delivered more readily to ocean currents. Population recovery processes occurred at the island scale rather than at the river scale, but further studies are needed to identify whether population recovery processes are likely at larger spatial scales (e.g., among islands). River management strategies should maintain environmental flows that allow larval export, maintain longitudinal dispersal pathways over dam spillways and via subterranean passages, and maintain open and healthy estuaries.
Various components of island stream faunas, including some caridean shrimps, fish, and gastropods, undertake obligate amphidromous migration, whereby larvae are released in upstream freshwater reaches, drift downstream to estuaries or marine waters, then migrate upstream as postlarvae to freshwater adult habitats (Myers 1949 , McDowall 2004 . This life history allows individuals to exploit resources in both marine and freshwaters at different times in their life cycle, promotes the evolution of widespread distributional ranges in most amphidromous species, and allows species to recolonize islands following defaunation by disturbances and periods of freshwater scarcity over evolutionary time (Benstead et al. 2000 , McDowall 2004 , Covich 2006 . Thus, lotic communities on oceanic islands tend to contain a greater proportion of amphidromous species than do communities on islands recently connected by land bridges or on continents where seaward migration is constrained by large distances between larval and adult habitats and relatively slow average water velocities in comparison to island rivers (Iguchi 2007) . Amphidromy represents an ecological link between island rivers and receiving coastal waters (Benstead et al. 2000) and a mechanism of range expansion over evolutionary timescales (Fièvet 1998 , Page et al. 2005 , but the degree to which populations of amphidromous species are connected by marine dispersal and gene flow among rivers (and other geographic scales, e.g., among islands) on contemporary timescales is poorly known for most species (Holmquist et al. 1998 , Covich 2006 .
Puerto Rico has long been a model system for ecological studies, including stream ecology (e.g., Pringle et al. 1999 , Crowl et al. 2001 , Blanco and Scatena 2006 . In particular, the key roles played by caridean shrimps in regulating benthic algal growth and rates of organic matter decomposition have emerged (Pringle et al. 1993 , Pringle 1996 , March et al. 2001 , Crowl et al. 2001 , as has the importance of maintaining hydrologic connectivity from river mouths to headwater streams for local persistence of amphidromous fauna (Pringle 1997 , Benstead et al. 2000 , Blanco and Scatena 2006 , Crook et al. 2009 ). Loss of longitudinal connectivity between headwater streams and downstream estuaries via dam construction, sand sedimentation, or water withdrawal greatly diminishes connectivity between larval and adult habitats and leads to localized loss of amphidromous species and their roles in key ecosystem processes with consequences for the ecological health of benthic communities (Greathouse et al. 2006 , Crook et al. 2009 ). In many cases, reversing degradation of lotic habitats in Puerto Rico requires restoration of hydrologic connectivity from river mouths to headwaters (Pringle 1997 , Greathouse et al. 2006 ). However, responses by stream biota to ecosystem restoration are constrained by various factors (Bond and Lake 2003) , and reinstatement of hydrologic connectivity might not translate directly into population recovery if recolonization from refugial populations is constrained by stream architecture or dispersal traits (Cook et al. 2007a , Hughes 2007 .
Recently, 5 species of amphidromous shrimp from Puerto Rico were shown to have continuous population genetic structures among regions and rivers of Puerto Rico, a result indicating that these species and their ecological functions could become reestablished rapidly via marine larval dispersal if hydrologic connectivity were restored (Cook et al. 2008a ). However, whether other amphidromous species, including other shrimps, fish, and gastropods, in Puerto Rico have similar abilities for oceanic dispersal and recolonization among rivers at the island scale is unknown. Some theories of dispersal for species with marine larvae predict high rates of self-recruitment because the effects of diffusion, mortality, and scarce adult habitat (i.e., lotic systems in the case of amphidromous species) would act as strong selection pressures to remain in the natal habitat (Cowen et al. 2000 , Strathmann et al. 2002 . We tested population genetic predictions for widespread marine larval dispersal and self-recruitment to the natal river, respectively, for 11 amphidromous species in Puerto Rico. If larvae of these species could disperse widely through marine habitats, we would expect no genetic substructure among populations from different rivers or marine regions in Puerto Rico and no signatures of isolation-by-distance (IBD) in the genetic data. IBD is a population pattern that reflects small-scale, stepping-stone dispersal among nearby habitats, and it is indicated by a significant correlation between interpopulation genetic differentiation and geographic distance. If amphidromous biota could disperse widely via the ocean, we would expect that genetic differentiation would be small and nonsignificant among both geographically proximate and distant habitats (i.e., interpopulation dispersal would not reflect a stepping-stone pattern). In contrast, if the larvae of these species were retained in the natal estuary or had high rates of self-recruitment, we would expect significant genetic subdivision among regions and among rivers within regions and possibly significant patterns of IBD caused by low rates of imperfect natal homing. Last, if larvae of these species could disperse only short distances via marine habitats, we would expect genetic substructure among regions, but not among rivers within regions, and significant IBD in the data. We discuss implications of our results for river management and lotic ecosystem restoration on the island.
Methods
The sampling design was the same as that of an earlier study (Cook et al. 2008a ) and included 3 marine regions (Atlantic Ocean, Mona Passage, and Caribbean Sea), each with 3 rivers (Fig. 1) . Not all species were represented in all rivers, but at least 2 regions were sampled for all species, and most species were sampled in 3 regional areas. Thus, a broad geographical area was sampled for each species (Table 1) . Specimens were sampled nondestructively where possible (e.g., a leg was taken from shrimps and fin clips from gobies, and the individuals were released otherwise unharmed), although whole juveniles and snails were taken. Our study incorporated mitochondrial deoxyribonucleic acid (mtDNA) sequence data for 11 amphidromous species, 5 shrimps 710 B. D. COOK ET AL. [Volume 28
from Cook et al. (2008a) , and an additional 6 species, including shrimps, fish, and a snail (Table 1) . Sequences of the cytochrome c subunit I (COI) mtDNA gene were amplified, aligned, and edited for the invertebrates as described in Cook et al. (2008a) , except the following primers were used for the snail, Neritina virginea (Neritidae): NVCOI-F, GGAAACT-GATTGGTGCCTCTAATGC, and NVCOI-R, AC-CCCCTCCTGCTGGATC (optimal annealing temperature = 55uC). Aligned and edited fragments of the ATPase 6 and 8 mtDNA gene for the gobiid fish were obtained as described in Cook et al. (2007b) . Haplotype (h) and nucleotide (p) diversity and mean pairwise nucleotide differences (k) were calculated in Arlequin version 2.0 (Schneider et al. 2000) to obtain measures of molecular diversity in each species. Haplotype networks were constructed using TCS version 1.18 (Clement et al. 2000) to show the genealogical relationships of the haplotypes and their geographic distribution. Population genetic structure was examined using analysis of molecular variance (AMOVA; Excoffier et al. 1992) according to the sampled hierarchy (i.e., among regions, among rivers within regions, and within rivers) as implemented in Arlequin with W indices, which incorporate both haplotype frequency and divergence. AMOVA assessed the significance of spatial genetic variation using 10,000 permutations of the observed genotypes. The relationship between pairwise W ST among rivers and geographic distance (shortest coastline distance among river mouths) was tested with Mantel tests (Mantel 1967) in PRIMER version 5.2.8 (Clarke and Gorley 2001) with 5000 permutations.
Results
Measures of molecular diversity were much lower for Atya lanipes and Micratya poeyi than for all other taxa (Table 1) . Patterns of molecular diversity were reflected in the haplotype networks. Atya lanipes ( Fig. 2A) and Mi. poeyi ( Fig. 2F ) each had star phylogenetic patterns composed only of closely related haplotypes, whereas all other taxa had more complex networks containing many closely related and more distantly related haplotypes ( Fig. 2B -E, G-K). However, no networks had a geographical pattern in the distribution of haplotypes, and both internal and tip haplotypes (when they were represented in the sample by .1 individual) typically were distributed among regions. This lack of geographic population structure also was reflected in AMOVA results, which showed no genetic population structure at any scales of the hierarchy for most species (Table 2) . Although no genetic differentiation was found at the largest scale of the analysis for any species (i.e., among regions), 3 species, Macrobrachium faustinum, Mi. poeyi, and Sicydium buscki, showed significant differentiation among rivers within regions (Table 2 ). All Mantel tests were nonsignificant (Table 2 ), a result indicating that genetic differentiation was not correlated with geographical distance in any species.
Discussion
Our study extends the results of an earlier study (Cook et al. 2008a) by showing genetic connectivity among rivers in amphidromous species throughout Puerto Rico. Therefore, our results indicate that 
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amphidromous species have well-developed abilities for marine dispersal at the island scale. Our results support findings of an allozyme study that found panmixia among rivers in Guadeloupe (Lesser Antilles) for Atya innocous (Fièvet and Eppe 2002), another allozyme study that found panmixia among 8 riverine populations of the goby, Sicyophterus lagocephalus, in La Réunion Island (Berrebi et al. 2005) , and a phylogeographic study that found high rates of gene flow for the amphidromous fish, Galaxias maculatus, in New Zealand (Waters et al. 2000) . One of the species considered in our study, Xiphocaris elongata, has no significant genetic population structuring among islands of the Greater Antilles (Reuschel 2008 ), a result suggesting that amphidromy facilitates ongoing oceanic dispersal at very large geographic scales for some species. A similar absence of phylogeographic structuring was found in amphidromous fish, shrimps, and gastropods among islands of the Hawaiian archipelago (Chubb et al. 1998, Bebler and Foltz 2004) . Some catadromous species (i.e., freshwater species in which the adult migrates to estuaries for reproduction) show a similar absence of phylogeographic structuring over large spatial scales, although large-scale patterns of gene flow among riverine populations tend to occur in a stepping-stone fashion for some catadromous species, such as Australian bass (Macquaria novemaculeata; Chenoweth and Hughes 1997).
In striking contrast, Mona Passage represents a long-term phylogeographic break between Puerto Rico and the Dominican Republic for populations of coral reef gobies (genus Elacatinus; Taylor and Hellberg 2006) . Thus, diadromous species appear to TABLE 1. Sample and fragment information and measures of molecular diversity for each species. GGD = global geographic distribution, GA = Greater Antilles, CAC = Central America Caribbean (including the Greater and Lesser Antilles), CAP = Central American Pacific, SAA = South American Atlantic, SAP = South American Pacific, WA = West Africa, N = total number of individuals/rivers/regions sampled, bp = number of mitochondrial deoxyribonucleic acid bases used in analyses, h = haplotype diversity, p = nucleotide diversity, k = average number of pairwise differences. Asterisk (*) indicates analyses from Cook et al. (2008a have better abilities for marine dispersal than do some marine species. However, at very large spatial scales, such as between continents, rare marine dispersal by amphidromous species might occur but be insufficient to prevent genetic differentiation between continents. For example, dispersal between highly differentiated Australian and New Zealand populations of G. maculatus is rare (Waters et al. 2000) , although Australian and New Zealand populations of the catadromous eel, Anguilla australis, are genetically continuous (Dijkstra and Jellyman 1999) . In contrast to trans-Tasman gene flow patterns in these diadromous species, a phylogeographic study of marine gastropods (genera Austrolittorina and Scutus) found no evidence for contemporary or historical gene flow between Australian and New Zealand populations (Waters et al. 2007 ), a result indicating another case in which diadromous species have better abilities for long-range marine dispersal than do some marine species. It would be interesting to determine whether populations of Atya scabra from the Caribbean (western Atlantic Ocean) and the west coast of Africa, including the Cape Verde Islands (eastern Atlantic Ocean), are connected by intercontinental oceanic dispersal. The larvae of some euryhaline species use retention strategies to remain in the estuary of the natal river. The degree of retention usually is influenced by estuary or embayment morphology and rates of water exchange because few species have purely behavioral larval retention strategies (Bilton et al. 2002) , although such strategies have been reported for the euryhaline rainbow smelt, Osmerus mordax (Bradbury et al. 2008) . Indeed, most euryhaline species use larval export 
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strategies, whereby larvae are flushed rapidly into the sea (Bilton et al. 2002) . For example, larval hatch in sicydiine gobies occurs at a very early ontogenetic stage. Early hatch expedites migration and increases survival because yolk supplies are maintained during downstream drift, thereby minimizing mortality by starvation (McDowall 2009 ). However, some behavioral strategies, including negative phototaxis (i.e., descent from surface water layers in daytime vertical migration to avoid strong illumination), used by larvae of some amphidromous gobies, such as Rhinogobius spp. in Japan, represent constraints to the seaward migration of drifting larvae (Iguchi 2007) . Similar diel patterns of larval drift (i.e., nocturnaldominated larval drift) have been reported as a predator-avoidance strategy for amphidromous shrimps in Puerto Rico (March et al. 1998) and Central America Pringle 1999, 2001 ). However, vertical (directional) migration by drifting larvae is overcome by strong water velocity, such as for rivers on islands (Iguchi 2007) ; thus, peak discharges and strong water velocities ensure larval export despite intrinsic larval tendencies to descend to avoid strong illumination or predators. This result highlights the importance of water flow for export of amphidromous larvae and is one explanation for the relative scarcity of amphidromous species in large, slowflowing continental rivers (Iguchi 2007) . Therefore, flow might be a factor associated with reported lifehistory transitions from amphidromous to nonmigratory, freshwater life-history strategies by some fish and shrimps inhabiting continents (McDowall 1997 , Waters and Wallis 2001 , Cook et al. 2006 . The timing and magnitude of upstream migration by postlarvae of amphidromous species also is tightly linked to peak discharges in water flow (Benstead et al. 2000, Blanco and Scatena 2005) . Therefore, damming island rivers and other alterations to the flow regime might reduce the ability of larvae of amphidromous species to recruit to the zooplankton of oceanic currents, thereby reducing the possibility that a given river will be a source of colonists for other rivers and constraining the return upstream migration of postlarvae to adult habitats. However, patterns of larval export and dispersal among populations for a given species might differ among hydrographic contexts (Bilton et al. 2002 , Cook et al. 2007a ). Thus, amphidromous species distributed across regions with contrasting embayment morphologies, tidal patterns, rates of water exchange between rivers and coastal waters, or nearshore oceanic currents might have different patterns of marine dispersal and population connectivity than those we report for Puerto Rican amphidromous species. Naturally closed or slowflowing systems might have naturally lower diversity of amphidromous species in comparison to nearby open systems, and these patterns should be considered in river management and ecosystem assessment programs (Parham 2005) . Larval duration is an important determinant of dispersal patterns in some marine nekton and benthos (e.g., Kyle and Boulding 2000, Grantham et al. 2003) , but patterns of population structure in other marine species, such as reef gobies (genus Elacatinus; Taylor and Hellberg 2003) and squirrelfish (Family Holocentridae; Bowen et al. 2006) , are not related to larval duration and probably reflect difficulty for larvae of nearshore or reef species to recruit to oceanic currents [Volume 28 (Colin 2003) . In contrast, the larvae of amphidromous species entrained in peak river flows might be delivered more readily to oceanic currents, where increased larval duration would be advantageous for widespread dispersal (e.g., Hoareau et al. 2007 ). Indeed, amphidromous shrimps of the Caribbean archipelago all have small eggs (Fièvet 1998), which is indicative of long larval duration. Xiphocaris elongate has high rates of gene flow among islands of the Greater Antilles (Reuschel 2008) , a result indicating that larval duration is sufficiently long in this species to allow dispersal among islands. The Caribbean amphidromous gobies, Sicydium punctatum and Sicydium antillarum, also have very long larval durations in comparison with tropical marine gobies and coral reef fish (Bell et al. 1995) , as do the Hawaiian amphidromous gobies, Lentipes concolor, Awaous guamensis, and Stenogobius hawaiiensis (Radtke et al. 1988 (Radtke et al. , 2001 ). In contrast, caridean shrimps that penetrate upstream reaches of Central American continental rivers have larger egg size (Fièvet 1998), a result that is indicative of abbreviated larval development that minimizes larval export from high gradient streams (Hughes et al. 1995) or larval mortality by starvation associated with delayed larval export in river systems with long, slowflowing floodplain reaches (Iguchi 2007) . High rates of gene flow were shown for all species at the largest spatial scale of our study, but analyses for 3 species (M. faustinum, Mi. poeyi, and S. buscki) showed significant population genetic structuring at the 2 smallest geographic scales. These results probably represent nonequilibrium dynamics in population structure, similar to results reported for widely dispersing stream insects (Bunn and Hughes 1997) , in which kin-structured founders promote the greatest genetic differentiation on the smallest spatial scale (Whitlock and McCauley 1990) , and widespread fish in which any 1 sample might not reflect the overall genetic composition of the total population (Allendorf and Phelps 1981, Waples 1998) . Extinction and recolonization, processes that dominate the biogeographic history of island stream biota (Covich 2006 , Cook et al. 2008a , also promote nonequilibrium dynamics in population structure, whereby the largest component of genetic variation is partitioned over the smallest geographic scale (Whitlock and McCauley 1990) . Thus, gene flow occurs among rivers in all amphidromous species, and nonequilibrium population structure promotes small-scale patchiness in genetic composition for some species. A similar pattern of patchiness in small-scale genetic population structure was temporally unstable among years for the widely dispersing, amphidromous goby, S. lagocephalus, in La Réunion Island (Berrebi et al. 2005 ).
Even small rates of gene flow can produce genetic homogeneity among geographic locations. Studies of some anadromous fish (i.e., marine species in which the adults migrate to freshwater reaches of rivers for reproduction) have shown that rare straying and imperfect natal homing can promote genetic continuity among demographically independent riverine populations (Campana and Thorrold 2001) . Homing in anadromous fish fosters local adaptation, whereas infrequent straying has long-term evolutionary advantages (e.g., recolonization of defaunated habitats, genetic rescue). Thus, homing and straying are synergistic life-history traits that have adaptive associations over short and long temporal scales, respectively (McDowall 2001) . Benstead et al. (2000) found multiple larval stages of shrimp species within estuaries, a result indicating that at least a proportion of the larvae develop to postlarval stages within estuaries. In contrast, the snail, N. virginea, is absent from rivers in which sand sedimentation has closed the estuary (Blanco and Scatena 2006) , a result that indicates marine rather than estuarine larval development in this species. Thus, the relative adaptive association of natal retention and larval export, respectively, might differ among taxonomic groups (McDowall 2001) .
Our study shows that the marine component of larval development and dispersal determines the genetic population structure of amphidromous species in Puerto Rico and indicates that population recovery processes probably occur at the island scale rather than the river scale, although further studies are needed to determine whether population recovery is likely at larger spatial scales (e.g., among islands). This result corroborates the findings of other population genetic and phylogeographic studies that have shown genetic continuity in amphidromous species both among rivers on an island or among islands within an archipelago (e.g., Chubb et al. 1998 , Waters et al. 2000 , Fièvet and Eppe 2002 , Bebler and Foltz 2004 , Berrebi et al. 2005 , Cook et al. 2008a , Page et al. 2008 . These molecular studies, in turn, support findings of biogeographic studies that have inferred good marine dispersal capabilities over evolutionary and ecological time scales (Fièvet 1998 , McDowall 2004 , Covich 2006 ) and indicate that amphidromous species probably will recolonize impacted stream habitat if longitudinal hydrologic connectivity is reinstated (Pringle 1997 , Greathouse et al. 2006 , Cook et al. 2008a , Crook et al. 2009 ). Biogeographic and population genetic studies have shown that some stream insects on oceanic islands can disperse effectively over large spatial scales (Kelly et al. 2001 , Bass 2003 , although other aquatic insects are geo-
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ISLAND-SCALE POPULATION RECOVERY PROCESSESgraphically restricted, island endemics (Englund 2008) , indicating limited dispersal ability in these taxa. Contemporary dispersal in another group of Caribbean island freshwater endemics, freshwater crabs (genus Epilobocera), tends to be restricted to within river scales (Cook et al. 2008b ). We recommend use of river management strategies that maintain environmental flows to allow larval export and cues for postlarval upstream migration, maintain dispersal pathways over dam spillways (Greathouse et al. 2006 ) and via subterranean passages (Fièvet and Eppe 2002) , maintain open and healthy estuaries (Blanco and Scatena 2006) , and implement water abstraction and fishing practices that minimize mass mortality of drifting larvae and adult populations (Benstead et al. 1999 , Greathouse et al. 2005 . The importance of naturally closed or slow-flowing rivers that might contain comparably few amphidromous species also must be recognized by management authorities as a key driver of spatial freshwater biodiversity patterns among island rivers.
